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Abstract Systemin is a tomato peptide hormone that
promotes plant defense against plant-chewing pests. This
octadecapeptide is released from the C-terminal region of
prosystemin, a 200 amino acid-long cytosolic precursor.
Homologues of the tomato prosystemin are present in other
Solanaceae but not in tobacco. This species does not respond
to the exogenous application of the tomato systemin. Pre-
viously, it was shown that the expression of the full-length
tomato prosystemin cDNA in tobacco affects the proteomic
repertoire and increases plant tolerance against phy-
topathogenic fungi. In this work, to evaluate the relevance of
the systemin sequence, we generated transgenic tobacco
plants that express a mutated prosystemin lacking the sys-
temin region. By using proteomics and gene expression
analyses, we show that the constitutive expression of the
truncated prosystemin altered the proteomic profile of
tobacco leaves and increased plant resistance against B.
cinerea. The overlap of the modifications caused by the
expression of the full-length and the truncated prosystemin
indicated that these alterations occur also in the absence of
the systemin sequence. Although the cellular mechanisms of
prosystemin cleavage are elusive, our work demonstrates
that the expression of a heterologous cytosolic peptide-
hormone precursor, irrespective of the presence of its pep-
tide domain, associated with unpredicted changes at the
proteomic and transcriptional level.
Keywords Nicotiana tabacum  Pathogen resistance 
Proteomics  Prohormone
Introduction
Systemin is an octadecapeptide isolated from tomato leaves
as inducer of the systemic defense against herbivores
(Pearce et al. 1991). The main role of this peptide is to
prime the octadecanoid pathway, which produces the plant
hormone jasmonic acid and its derivatives. In tomato,
systemin is synthesized as part of a larger precursor protein
of 200 amino acids called prosystemin (Mcgurl et al. 1992;
Mcgurl and Ryan 1992). The prosystemin contains four
imperfect repeated regions of nine amino acids (37–45;
80–88; 117–125 and 145–153) and a truncated 6 amino
acid repeated motif at the N-terminal region (3–8), while
the systemin sequence is located in the C-terminal region
(amino acids 179–196) (Mcgurl and Ryan 1992). This
structure has been considered suggestive of gene duplica-
tion/elongation events (Mcgurl and Ryan 1992). Later
studies indicated that the presence and the arrangement of
those repeats are shared among prosystemin sequences in
both Solanaceae (potato, bell pepper and black nightshade)
and other plants (prince’s feather, beetroot and quinoa)
(Pearce 2011). As systemin is the only known active pep-
tide hormone released from its precursor, it is currently
unknown whether prosystemin has any biological function
other than being an intermediate in the synthesis of sys-
temin (Dombrowski et al. 1999).
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The prosystemin lacks a signal peptide and accumulates
in the cytosol. The conversion process from prohormone to
hormone is currently unknown. It has been discussed that
prosystemin is an inactive precursor of systemin, whose
wound-inducible processing is a prerequisite for the sys-
temin release and the amplification of a systemic wound
signaling (Pearce 2011). The prosystemin gene is normally
transcribed at low level. Wounding, as well as other
stresses, increases strongly its expression (Matsubayashi
and Sakagami 2006; Mcgurl et al. 1992). The constitutive
overexpression of the prosystemin cDNA is associated with
a constitutive accumulation of proteinase inhibitors as well
as the generation of a systemic signal, implying a contin-
uous release of the systemin peptide from its precursor
(Mcgurl et al. 1994).
Homologs of the tomato systemin have been identified
in members of the Solaneae subtribe but not in evolution-
arily more distant species such as tobacco (Constabel et al.
1998). Biologically active peptides functionally closer to
systemin were later isolated in tobacco and other Solanales
(tomato, petunia, black nightshade and Ipomoea batatas)
(Pearce 2011). Although these peptides are structurally
unrelated to systemin, they were named hydroxyproline-
rich systemins (HypSys) because of their systemin-like
function (Pearce 2011). While systemin primary sequences
are highly conserved between species, HypSys are more
divergent and are all characterized by the presence of a
proline or hydroxyproline-rich central domain. The Hyp-
Sys precursors are secreted and processed into more than
one active peptides, giving rise in tobacco to two, in
petunia and tomato to three, and in sweet potato to prob-
ably six peptides (Chen et al. 2008; Pearce et al. 2001;
Pearce and Ryan 2003; Pearce et al. 2007).
We previously showed that the expression of the full-
length tomato prosystemin in tobacco modified the plant
proteome and affected plant resistance against fungal
pathogens (Rocco et al. 2008). Tobacco does not respond
to the exogenous application of the tomato systemin
(Scheer et al. 2003) and it does not have a systemin
homologue. In the present study, we investigated if the
above-mentioned effects are influenced by the presence of
the systemin peptide. To this goal, we analyzed transgenic
tobacco plants that express a truncated form of the tomato
prosystemin, which lacks the systemin region. We
demonstrate that the constitutive expression of this trun-
cated prosystemin form affected host protein accumulation
and increased tobacco resistance against B. cinerea, indi-




The pPS binary vector (Rocco et al. 2008), containing the
coding region of the prosystemin cDNA under the control
of the CaMV 35S RNA promoter and the pea rbcS ter-
minator, was digested with Bgl II and Xba I (Promega) to
release a 71 bp fragment that encompasses the region
coding for the systemin peptide. The protruding ends
were filled in by the large (Klenow) fragment of the DNA
PolymeraseI (Promega). After a gel-based purification,
the plasmid was self-ligated by the T4 DNA ligase
(Promega). All the enzymatic reactions were performed
according to the manufacturer’s instructions. The result-
ing binary vector was named pPRO (Fig. 1). Agrobac-
terium tumefaciens LBA4404 cells were transformed by
electroporation and used to produce transgenic tobacco
(Nicotiana tabacum cv. Samsun NN) lines as described
(Rocco et al. 2008). Kanamycin-resistant putative trans-
formants were screened by PCR with the oligo pK-pro
(50-TATCCTTCGCAAGAC) and rbcs-rev (50-GTGC
GCAATGAAACAG3), which anneal to the CaMV35S
promoter and the rbcs terminator, respectively. PCR
positive transgenic lines were maintained in vitro under
kanamycin selection (100 mg l-1) and the number of
transgenic insertions was verified by a Southern blot
analysis. Homozygous T2 plants were obtained by single
seed descent analysis of T1 plants with a single transgenic
insertion. Four–six weeks old plants, grown in green-
house conditions, were used for molecular analysis and
bioassays.
DNA isolation and manipulation
Genomic DNA was isolated from leaves using the Gen
Elute Plant Genomic DNA miniprep kit (Sigma-Aldrich).
Southern blot analysis was carried out as described (Cor-
rado et al. 2005) using the Hind III restriction enzyme
(Promega) and as a probe a gel-purified PCR product
obtained from the pPRO8 plasmid with the BBS forward
and rbcs-rev primers (Supplementary Table 1). For PCR
amplification, a 50 ll mix was prepared containing 100 ng
of DNA template, 0.4 lM primers, 1.5 mM MgCl2, 100
lMdNTPs and 1 U Taq DNA Polymerase (Promega) in 19
PCR buffer (Promega). The primer sequences and their
temperature of annealing are reported in Supplementary
Table 1. PCR reactions were performed in a Mastercycler
Gradient (Eppendorf).
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RNA isolation and RT-PCR
Total RNA was extracted from leaves using a previously
published procedure (Corrado et al. 2007). Single-strand
cDNA synthesis and quantitative reverse transcription
(RT)-PCR were also performed as described (Coppola
et al. 2013). Primer sequences and their main features are
reported in Supplementary Table 1. We analyzed three
plants per line and reactions were carried out in triplicates.
The Ct values were averaged for each triplicate. The effi-
ciency of cDNA synthesis was checked by amplifying the
elongation factor-1 alpha (EF-1a) cDNA with primers
(NT-EF-fw and NT-EF-rev) designed to anneal on two
consecutive exons to detect possible contaminant DNA
(Corrado et al. 2005). Relative quantitation of gene
expression was carried out using the 2DDCt method, using
the EF-1a as an endogenous reference gene for the nor-
malization of the expression levels of the target genes.
Relative fold change variations in expression levels are
reported as 2DDCt values. The statistical significance of the
results was evaluated as reported (Corrado et al. 2007).
Protoplasts isolation
Protoplasts were prepared from transgenic leaves (approx.
6 g) as described (Tortiglione et al. 2003). Proteins in the
protoplast medium were precipitated with 70 % NH4SO2
and suspended in 19 PBS buffer. Proteins within proto-
plasts were isolated in homogenization buffer (200 mM
Tris–Cl, 300 mM NaCl, 1 % Triton, 1 mM EDTA, 2 mM
PMSF; pH 8.0). After sonication (30 s), cell debris was
removed by centrifugation for 20 min at 12,000g at 4 C.
Proteomic analysis
Protein extraction, Western blot, 2-D electrophoresis, image
acquisition, image analysis, protein digestion, MS analysis
and protein identification were performed as already descri-
bed, since the proteomic analysis was carried out alongside
with the analysis of the transgenic plants expressing the full-
length prosystemin precursor (Rocco et al. 2008).
Functional annotation of identified proteins
Functional annotation was carried out by sequence analysis
using the Blast2GO software (Gotz et al. 2008). Briefly, a
blastp similarity search (e-value \1e-6) against the nr
NCBI protein database was performed to retrieve a maxi-
mum of 20 homologous hits per query. GO-term mapping
and annotation were retrieved using NCBI as well as non-
redundant reference protein databases (PSD, UniProt,
Swiss-Prot, TrEMBL, RefSeq, GenPept, PDB Full Gene
Ontology DB). Additional annotations (e.g. the recovery of
implicit ‘‘Biological Process’’ and ‘‘Cellular Component’’
GO-terms from ‘‘Molecular Function’’ annotations) were
implemented using ANNEX 5.0. Completion of the func-
tional annotation with protein domain information was
performed with Inter ProScan 5.0. A plant GO-Slim
reduction was carried out to summarize the functional
content of the dataset. On the basis of the richness of the
different GO levels (from 1 to 11), we generated a level
3-hierarchical summary to present meaningful GO identi-
fiers that are at hand yet not excessively general.
Fungal bioassay
Five-week old transgenic plants were tested for resistance
to B. cinerea, a necrotrophic airborne pathogen that attacks
fruit, stems, leaves and flowers of many plant species,
Fig. 1 Characterization of the transgenic plants. a T-DNA map of the
pPRO8 binary vector used for plant genetic transformation showing the
restriction site used for Southern blot analysis (not to scale). LB:
T-DNA left border sequence, 35S CaMV: 35S RNA gene promoter,
del-prosys: deleted prosystemin cDNA sequence, rbcS: polyA addition
sequence of the pea rbcS gene, npt II: neomycin phosphotransferase II
coding sequence, nos: nopaline synthase promoter, RB: T-DNA right
border sequence. b Southern blot analysis. The position of the Hind III
restriction site is indicated on the top of the map. The fragment probe
employed is marked with a line. 1 N. tabacum ‘‘Samsun’’ NN, 2 PRO8-
56, 3 PRO8-38, 4 PRO8-30, 5 PRO8-22. Numbers at the left margin
indicate marker fragment sizes. c Amplification of the EF1-a retro-
transcripts to control for the cDNA synthesis efficiency and to detect
possible contamination of genomic DNA in the PCR reactions.
Numbers at the left margin indicate marker fragment sizes. 1 1 kb
plus DNA ladder (Invitrogen), 2 N. tabacum genomic DNA, 3
‘‘Samsun’’ NN cDNA, 4 MZ 119 cDNA, 5 PRO8-56 cDNA, 6 PRO8-
38 cDNA. d Amplification of the prosystemin cDNA. Numbers at the
left margin indicate marker fragment sizes. 1 1 kb plus DNA ladder
(Invitrogen), 2 pPRO8 plasmid, 3 ‘‘Samsun’’ NN cDNA, 4 MZ 119
cDNA, 5 PRO8-56 cDNA, 6 PRO8-38 cDNA
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causing typically a grey mold-disease. The assays were
carried out as described (Di Maro et al. 2010) with the
following modifications: four plants per line and two leaves
per plant were analyzed; a volume of 10 ll of spore sus-
pension (106 spores/ml) was used for four inocula per
leaves; lesions were measured at 4, 6 and 8 days after
inoculation.
Results
Generation and analysis of the transgenic plants
Tobacco plants (N. tabacum ‘‘Samsun’’ NN) were stably
transformed via Agrobacterium with a construct containing
a prosystemin cDNA sequence lacking the 30 region coding
for the systemin peptide. In the binary vector employed,
named pPRO8, the expression cassette consists of the
deleted prosystemin cDNA under the control of the con-
stitutive CaMV 35SRNA promoter and the pea rbcs ter-
minator. A schematic representation of the T-DNA region
of the pPRO8 plasmid is shown in Fig. 1a. Putative
transformants, named PRO8, were screened by PCR (not
shown) and Southern-blot hybridization to confirm the
presence and the number of T-DNA insertions, respectively
(Fig. 1b). Two single-insertion transgenic lines (PRO8-32
and PRO8-56) were selected for further investigations.
Transgene expression was assayed by using an RT-PCR
approach (Fig. 1c, d; Supplementary Fig. 1). In this anal-
ysis, we included also the transgenic tobacco line (MZ119)
that expresses the full-length tomato prosystemin (Rocco
et al. 2008). This line was obtained using a similar con-
struct in an independent transformation experiment and in
this work, it served as a positive control to evaluate the
possible effects in the PRO8 lines. Transgenic lines did not
display any obvious phenotypic abnormality compared to
the untransformed tobacco plants (not shown).
Subcellular localization of the modified prosystemin
precursor
In order to monitor the subcellular localization of the
mutated prosystemin in tobacco, protoplasts isolated from
leaves of the transgenic plants and their medium were
analyzed by Western blot. The result showed an immune-
positive signal for the protoplast extract, indicating that
that the modified precursor is mainly synthesized and
stored in the cytoplasm (Fig. 2). The protein had an
apparent molecular weight of approximately 28 kDa. As
previously reported, the mobility of the prosystemin pro-
tein in a standard SDS-PAGE is higher than its predicted
mass (23 kDa) most likely because of the high percentage
(44 %) of charged amino acids (Delano et al. 1999).
Identification of differentially represented proteins
We used a proteomic approach to monitor the molecular
effects of the constitutive expression of the deleted
prosystemin gene. Representative Coomassie-stained gels
are reported in Fig. 3. Average proteomics maps showed
236 (control) and 253 (transgenic) spots, 89 % of which
were found to be present in both groups. Normalization and
statistical analysis of quantitative proteomics data indicated
that 24 spots were differentially represented (fold change
C2 or B0.5) in leaves of transformed plants compared to
controls (p\ 0.05). For protein identification, these spots
together with other 17 (selected as a reference for their
constant abundance across samples) were excised from the
gels, proteolyzed and subjected to MS analysis. Database
search using data deriving from MALDI-TOF peptide mass
fingerprinting (PMF) experiments allowed the identifica-
tion of 23 spots, while the remaining ones (n = 18) were
identified by lLC-ESI-IT-MS/MS. The list of the identified
proteins is reported in Table 1 along with their relative
quantification. A poly-ubiquitin like protein showed the
highest variation in quantitative terms.
Functional annotation of the differentially represented
proteins and data mining on the resulting annotations,
predominantly based on the gene ontology (GO) vocabu-
lary, was performed by sequence similarity search. For the
‘‘biological process’’ domain, a broader overview of the
ontology content was achieved by using the GO-plant slim
list. The most abundant richness of the annotations was
obtained at level 3 (Supplementary Fig. 2). Analysis of GO
term associations for biological process at level 3 is
Fig. 2 Intracellular accumulation of the modified prosystemin in
tobacco. Western blot analysis of the intracellular protein content
from protoplasts (1) and of the secreted proteins in the incubation
medium (2) of transgenic PRO8-56 leaves. 3 Total protein extract
from leaves of untransformed plants. Numbers at the left margin
indicate marker fragment sizes in kDa
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reported in Fig. 4. The ‘‘organic substance metabolic pro-
cess’’, ‘‘primary metabolic process’’, ‘‘cellular metabolic
process’’ and ‘‘response to stress’’ were the most repre-
sented series of molecular events or functions that, at the
proteomic level, were affected by the expression of the
deleted prosystemin. According to the mapping of the
enzymatic activities of the differentially represented pro-
teins, the KEGG-reference pathways ‘‘Photosynthesis’’,
‘‘Carbon Fixation in Photosynthetic Organisms’’ and
‘‘Oxidative phosphorylation’’ was the most affected.
With the aim to study the communality and specificity
of the effects of the deleted and the full-length prosys-
temin, we compared the identified proteins of the PRO8
plants with the ones of the plants expressing the full-length
prosystemin. 21 out of the 24 spots differentially repre-
sented in the PRO8 proteomic maps were also differen-
tially represented in the MZ119 leaves, indicating a very
high overlap of the effects of the two different heterologous
proteins in the independently obtained transgenic lines.
Evaluation of the resistance to fungal pathogens
To evaluate if the expression of the deleted tomato
prosystemin alters the tobacco response to necrotrophic
fungi, leaves from 5-week old transgenic PRO8 lines and
from untransformed plants were inoculated with B. cinerea
spores. Lesions were measured at 4, 6 and 8 days after
inoculation. Disease severity was quantified by measuring
the necrotic areas. Transgenic tobaccos showed smaller
lesions than control plants (Fig. 5), implying that the
expression of the deleted prosystemin increased pathogen
tolerance in tobacco.
Effects on endogenous gene expression
The bioassays indicated that the expression of the deleted
prosystemin increases the resistance against necrotrophic
fungi. This result is consistent to what we already reported
for the MZ transgenic plants, which express the full-length
prosystemin protein (Rocco et al. 2008). For this reason,
we evaluated the expression of genes associated to plant
defense in both types of transgenic lines. We analyzed
genes related to plant stress response, such as a heat-shock
protein (HSP) (Park and Hong 1998), a stromal ascorbate
peroxidase (SAP) (Yoshimura et al. 2002), a glutathione
S-transferase (GST) (Takahashi and Nagata 1992) and the
proteinase inhibitor II (Pin II) (Balandin et al. 1995).
Furthermore, we investigated collectively the expression
of the two endogenous tobacco prosystemin-like hydrox-
yproline-rich glycopeptides (TobHypSys I and II) (Pearce
et al. 2001). Due to the high similarity of the coding
sequences, primers were designed to amplify the tran-
scripts of both genes. The results indicated that the GST,
involved in oxidative stress and detoxification, and HSP,
involved in response to environmental stress, are up-reg-
ulated in MZ119, in accordance with the proteomic study
(Rocco et al. 2008), while SAP was not differentially
expressed (Fig. 6). Furthermore, differences between
MZ119 and the two PRO8 lines were present only for the
GST gene. Pin II was overexpressed in both types of
transgenic lines, although at a level that is much lower
than in tomato plants overexpressing the prosystemin
(Coppola et al. 2015). The relative quantification of the
expression level of tobacco hydroxyproline-rich gly-
copeptides HypSys I and II showed an overexpression in
both types of transgenic lines. Overall, the data indicated
that the constitutive accumulation of heterologous
Fig. 3 2-DE proteomic maps of leaves from untransformed tobacco
and transgenic plants expressing the deleted prosystemin precursor.
Representative 2-DE gels of leaves from N. tabacum untranformed
(a) and transgenic PRO8-56 (b) plants. Protein spots are numbered as
in Table 1. Protein extracts were analyzed in first dimension (pH 5–8
linear IPG, 18 cm); second dimension was performed on a vertical
slab gel (12 % T)
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precursors of a signalling molecule, such as the tomato
prosystemin and its mutated version, affected the expres-
sion of genes involved in plant response to stress.
To estimate the relevance of the observed variations,
the expression level of HSP, GST, Pin II and TobHypSys
was quantified in tobacco leaves of the ‘‘Samsun’’ NN
control following mechanical wounding. The experiment
was carried out with 4 week-old plants and leaves were
harvested 6 h following the treatment. The relative quan-
tification indicated that HSP, GST and Pin II were over-
expressed after wounding (Fig. 7). The expression of the
endogenous tobacco prosystemin-like HypSys was not
different. This is consistent to previous evidence indicat-
ing that the expression of the HypSys gene in wounded
leaves increases after 6 h, reaching the maximum at 24 h
(Ren et al. 2008). More interestingly, the RQ values fol-
lowing wounding were comparable to those of the trans-
genic lines. The only exception was represented by the
GST gene, which was not differentially expressed in the
PRO8 lines.
Overall, the data indicated that the expression of the
tomato prosystemin in tobacco increases the transcription
of some stress-related genes. Such effect is also present in
transgenic plants that express a precursor lacking the
region encoding the systemin peptide. At both proteomic
and transcriptomic level, however, we observed differences
between the two transgenic types, implying that the
C-terminal region of the tomato prosystemin also affects
the activation of gene expression in tobacco.
Discussion
Peptide signaling is crucial for various aspects of plant
growth, development and stress response (Matsubayashi
and Sakagami 2006). Plants respond also to peptides pro-
duced by biotic stressors (Albert 2013; Schwessinger and
Ronald 2012). Furthermore, signaling peptides involved in
plant response to biotic stress can also derive from intra-
cellular proteins involved in other metabolic functions
(Pearce et al. 2010; Schmelz et al. 2006). The majority of
plant propeptides are synthesized through the secretory
pathway but, bioactive peptides derive also from cytosolic
precursors, as in the case of systemin (Yamaguchi and
Huffaker 2011). A previous study indicated that the
expression of the tomato systemin precursor in tobacco
affects the host proteomic repertoire and influences the
resistance against fungal pathogens (Rocco et al. 2008).
Despite the similarities of the wound signaling between
tomato and tobacco (Kandoth et al. 2007; Sudha and
Ravishankar 2002; Yu et al. 2015), the latter does not have
a prosystemin homologue. However, it is still a matter of
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applied systemin (Malinowski et al. 2009; Scheer et al.
2003).
In this work, we investigated whether a modified
prosystemin protein that lacks the systemin peptide alters
gene expression in tobacco. Proteomic analysis showed
that several biological functions were affected by the
expression of the deleted prosystemin. Pathways involving
an organic substance and by which plant cells transform
chemical substances were the most represented biological
functions in our dataset of differentially represented pro-
teins. In addition, the functional annotations of the identi-
fied proteins were related also to stress response. The
deleted prosystemin increased the accumulation of some
members of the cellular system involved in the control of
the oxidative cellular stress, as it occurred in the tobacco
plants expressing the full-length prosystemin (Rocco et al.
2008). In accordance with previous results, the gene
expression analysis confirmed that the prosystemins up-
regulate some stress-related genes. In addition, the present
work indicated that the effects in tobacco involve also other
classes of genes. Transgenic plants showed a very moder-
ate up-regulation of the protease inhibitor II (Pin II) gene,
when compared to tomato (Mcgurl et al. 1994). Further-
more, the expression of the native and mutated prosystemin
precursors affected the endogenous tobacco HypSys genes.
In tomato, systemin and Hyp-rich glycopeptides coopera-
tively activate defense-related genes (Pearce et al. 2001).
Taking into account that this effect is independent from the
Fig. 4 Pie charts summary
representation of GO-annotation
results. Relative distribution of
‘‘Biological Process’’ terms
following GO classification of
the identified differentially
expressed proteins (see Table 1)
at level 3 (sequence cut-off
association:[5)
Fig. 5 Increased tolerance to Botrytis cinerea. Average lesion areas
at 4, 6 and 8 days after inoculation (error bars report the standard
error of the mean). NN: untransformed control; PRO8-56, PRO8-38
and MZ-119: transgenic plants. PRO8-56, PRO8-38 and MZ-119
plants were significantly different from the untransformed control at
8 days (Student t test; **p\ 0.01)
Fig. 6 Quantitative RT-PCR analysis of the gene expression levels in
the transgenic lines. For the different genotypes (NN: untransformed
control; PRO8-56 and PRO8-32: transgenic plants), the graph
displays the relative quantification of gene expression on a linear
scale (RQ). RQs are shown relative to the calibrator NN genotype.
For each gene, different letters indicate groups with different
statistical significance, based on the ANOVA analysis of the 2DCt
values (Tukey; a = 0.05)
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presence of the systemin domain, it is more likely that the
tobacco Hypsys activation is a direct or indirect response to
the effects of the activation of stress-related genes.
Since prosystemin processing in tomato is currently
unknown, it is difficult to speculate whether the prosys-
temin directly activates some defense pathways in tobacco
or the observed effects relate to its proteolytic products
(Albert 2013). In tomato, the exogenous supply of
prosystemin induces similar responses as systemin (Dom-
browski et al. 1999; Vetsch et al. 2000) and the deletion of
systemin abolishes this effect (Vetsch et al. 2000). These
data are also consistent with the unexpected evidence that
prosystemin-dependent activation of defense gene expres-
sion does not require wounding or any other stress (Mcgurl
et al. 1994). This study indicated that systemin signaling is
regulated via the biosynthesis of prosystemin rather than
processing, controlled secretion or both. In tomato, the
extracytosolic proteolytic activity is not sufficient to pro-
duce detectable levels of systemin (Dombrowski et al.
1999), suggesting that intracellular proteases are respon-
sible for the generation of the systemin peptide. Our study
indicated that also the modified prosystemin is not secreted
and predominantly accumulates in the cytoplasm. Previ-
ously, it has been shown that the TMOF peptide, engi-
neered to replace the systemin in the tomato prosystemin,
is detectable in transgenic tobacco plants that express this
chimeric precursor (Tortiglione et al. 2003), supporting the
occurrence of proteolytic events in tobacco. However, the
possible presence of other products released from the
multiple processing of the precursor has never been
investigated. For all these reasons, we speculate that the
prosystemin protein, for its intrinsic features [e.g.
multibasic recognition sites exhibiting motifs such as the
(K/R)Xn(K/R)] undergoes ‘‘default’’ degradation by intra-
cellular proteases (Asher et al. 2006), as it occurs in
mammals for a number of prohormones (Bhattacharyya
et al. 2014; Scamuffa et al. 2006). A likely candidate
system for the formation of processed peptides is the
ubiquitin/proteasome-dependent processing (RUP) system
(Bhattacharyya et al. 2014; Scamuffa et al. 2006; Verma
et al. 2001). The effect of both types of prosystemin types
can be explained assuming that these precursors go through
multiple processing events in tobacco, which may lead to a
direct or indirect activation of oxidative stress defense
mechanisms (Albert 2013; Pearce et al. 2010; Schmelz
et al. 2006). In potato, the expression of a modified
heterologous antimicrobial peptide precursor provided
resistance against plant pathogens but, unexpectedly,
altered also the plant ROS response to stress (Goyal et al.
2013). These data open the intriguing possibility that plant
cells sense the constitutive expression of heterologous
prohormones as a chronic perturbation of protein home-
ostasis, activating some molecular stress responses (Mori-
moto 2008).
In conclusion, our work demonstrated that the proteomic
and transcriptional alterations as well as the increased plant
tolerance to phytopathogenic fungi observed in the trans-
genic tobaccos are not related exclusively to the presence
of the systemin domain, indicating that the constitutive
accumulation of a heterologous precursor of a signaling
molecule can have unpredicted effects. Even though
tobacco lacks a prosystemin homologue, this complex
alteration has some common elements with the output
observed typically in plant response to stress, such as
mechanical wounding. Although further work is necessary
to unravel cellular mechanisms of the prohormone con-
version, our study also provides new insights about the
prosystemin processing.
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Fig. 7 Quantitative RT-PCR analysis of the gene expression levels in
leaves following wounding. The graph displays the relative quan-
tity (RQ) on a linear scale of tobacco genes 6 h following mechanical
wounding. RQs are shown relative to the calibrator control condition
(untreated). For each gene, asterisks indicate that the 2DCt values
were significantly different between the control and the test condi-
tions (Student t test; **p\ 0.01)
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